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We present a systematic investigation of the effect of an external magnetic field on the first order structural
shexagonal/orthorhombicd and magnetic sferromagnetic/paramagneticd phase transition of MnAs films grown
epitaxially on GaAss001d. The experimental results obtained using x-ray diffraction, magneto-optical Kerr
effect, and SQUID magnetometry clearly show two magnetic field regimes where the temperature evolution of
the magnetic and structural macroscopic properties of the films exhibit different behavior near the phase
transition. The different evolution of the magnetic and structural properties fades away when an external
magnetic field larger than 1 kOe is applied along the easy magnetization axis. These results are attributed to
two effects induced by the external magnetic field. The first one is the field-induced phase transition, similar to
that reported in MnAs bulk. The second one, which dominates for fields below 1 kOe, is attributed to the effect
of the geometry of the microstructured domains formed during the phase transition on the macroscopic mag-
netic properties of the film. As a result, the changes in the magnetic properties detected by macroscopic
measurements take place at temperatures lower than those observed by structural measurements, even though
structural and magnetic phase transitions must occur simultaneously.
DOI: 10.1103/PhysRevB.71.045319 PACS numberssd: 75.60.2d, 75.70.Ak
I. INTRODUCTION
MnAs is a promising candidate for integration of mag-
netic and semiconductor structures, a subject of considerable
fundamental and technological interest.1,2 Research on
this material has won a great impulse with the growth
of high quality MnAs films by molecular beam epitaxy
sMBEd.3–10 Like bulk MnAs, epitaxial films present a
first order magnetic and structural phase transition
between a ferromagnetic-hexagonal sad and a paramagnetic-
orthorhombic sbd phases around room temperature.5,11–16
The constraint on the MnAs lattice constant imposed by the
substrate leads, however, to a coexistence of the a and b
phases over a wide range of temperatures.17 During the co-
existence of the two phases, periodically alternating stripe-
like regions of the a and b phases form in the film.17–19 A
recent microscopic analysis using magnetic force micros-
copy sMFMd20,21 and x-ray magnetic circular dichroism pho-
toemission electron microscopy sXMCDPEEMd22 techniques
showed that the a phase consists of microsized ferromag-
netic domains. However, the behavior of these magnetic do-
mains under an external magnetic field have not been sys-
tematically investigated yet.
In this paper, we present a detailed investigation of the
effects of an external magnetic field on the structural and
magnetic properties of epitaxial MnAs films during its first
order phase transition. The structural properties were inves-
tigated using x-ray diffraction, while the magnetic properties
were probed using SQUID magnetometry and magneto-
optical Kerr effect sMOKEd. We observed two distinct mag-
netic field regimes. At low fields s50 Oe,H,1 kOed, the
macroscopic magnetic and structural properties exhibit dif-
ferent temperature evolution during the phase transition. We
observed that the transition temperatures obtained by mag-
netic measurements are significantly smaller than the struc-
tural ones under this low magnetic field regime, even though
a 50 Oe magnetic field is sufficient to completely align the
magnetic domain of the MnAs film at 250 K sa temperature
where the film is fully on the a ferromagentic phased. This
difference vanishes in the presence of magnetic fields larger
than ,1 kOe, when both the magneto and the structural re-
sults are similar to the results observed in the bulk material,
that has been attributed to a field-induced phase transition
effect. We interpret this macroscopic behavior as an effect of
the the microscopic properties of the film during the coexist-
ence of the two phases. This behavior may have negative
implication for spin injection devices using MnAs films,
since a relatively high magnetic field s.1 kOed is required to
align the microstructured magnetic domains near room tem-
perature. On the other hand, information on the field evolu-
tion of the phase transition temperature is fundamental for
technological applications of MnAs films, such as field acti-
vated sensors and transducers.
II. EXPERIMENTAL DETAILS
We investigated two MnAs films grown epitaxially on
GaAss001d at 250 °C by MBE with thicknesses of 180 nm
ssample Ad and 130 nm ssample Bd. The growth conditions
were chosen to yield films with the A orientation,18,22 where
the MnAss11¯00d plane is parallel to the GaAss001d surface
while the c axis is parallel to the GaAsf11¯0g direction. The
films have an easy axis of magnetization along the MnAs
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f112¯0g direction. Additional details about the growth and
characterization of the samples are reported in Refs. 4 and
23. The sample magnetization was measured using Quantum
Design MPMS XL7 SQUID and MOKE magnetometers.
The structural properties were probed using x-ray diffraction
experiments performed at the XRD2 beam line of the Bra-
zilian National Synchrotron Light Laboratory sLNLSd. The
MOKE setup was mounted at the x-ray diffraction system
allowing for the simultaneous measurements of the magnetic
and structural properties. We have measured the longitudinal
component of the MOKE signal, using a diode laser beam as
the light source. The setup includes a magnetic coil provid-
ing magnetic fields H up to 3 kOe. The area of the sample
surface reached by the x ray and the laser beam are similar.
The samples were mounted on a Peltier device used to con-
trol its temperature, which was measured using a calibrated
thermocouple sensor.
III. RESULTS
Figure 1 shows the temperature dependence of the x-ray
diffraction spectra for sample B corresponding to a heating
cycle from 288 K to ,340 K. The peak at 2u,29.3° corre-
sponds to the s11¯00d Bragg reflection of the hexagonal a
phase and that at 2u,29.7°, to the s002d reflection of the
orthorhombic b phase. The relative volume fraction of each
phase was obtained from the integrated x-ray diffraction in-
tensities. Figure 2 shows the fraction of the a phase, Fa,
obtained for samples A and B during heating from
280 K to 340 K and subsequent cooling to 280 K. The a and
b phases coexist in a relatively large temperature range
s,15 Kd. We also observe a thermal hysteresis, i.e., the vol-
ume fraction of each phase at a given temperature depends
on whether the sample is under cooling or heating. Thermal
hysteresis has been previously reported7,17,19 for MnAs films
and it is attributed to the strain constraints imposed by the
GaAs substrate on the film, but a detailed explanation of this
effect has not been reported so far. Thermal hysteresis is
usually a sample dependent effect. In our case, the thermal
hysteresis is markedly more pronounced for the thicker
sample ssample Ad. Figure 2 also shows Fa obtained when a
constant magnetic field is applied along the easy axis of the
film. Increasing H leads to a small shift of the thermal hys-
teresis curves towards higher temperatures. A similar effect
has been reported for bulk MnAs13,16,24,25 and has been at-
tributed to a field-induced phase transition effect.
The results obtained on the magnetic properties of our
films are presented in Figs. 3 and 4. Magnetic hysteresis
loops at various temperatures around the phase transition are
presented in Fig. 3. The MOKE signal shown in the inset of
Fig. 3sbd is also proportional to the net magnetization, which
shows hysteresis loops very similar to those obtained using
the SQUID magnetometer. At low temperatures, where only
the a-phase is present, an almost square magnetic hysteresis
loop is observed for both samples with a coercive field of
,130 Oe. As the temperature increases, the hysteresis loop
becomes less abrupt, the magnetic field required for satura-
tion increases sup to 1 kOe at T=290 Kd and the saturation
magnetization sMsatd decreases. The reduction of Msat reflects
the decrease of the relative volume of the film on the ferro-
FIG. 1. Temperature dependence of the x-ray diffraction pat-
terns of MnAs films at H=0 for sad sample A s180 nmd and sbd
sample B s130 nmd.
FIG. 2. Volume fraction of the a-phase Fa versus temperature
for sad sample A and sbd sample B measured using x-ray diffraction
for H=0 ssolid linesd and H=3 kOe sdotted linesd. The arrows in-
dicate the direction of the thermal cycle.
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magnetic a phase at higher temperatures. Msat could there-
fore be used as a magnetic probe of the a-phase fraction, as
the x-ray results have been used as a structural probe. We
note, however, that the magnetization value, contrary to the
x-ray case, also includes a weak intrinsic temperature depen-
dence due to thermal fluctuation effects. Furthermore, using
Msat as a magnetic probe of the a-phase fraction mixes up
two distinct effects: the temperature dependence of Fa and
the field-induced phase transition effect, since a variable
magnetic field is required to attain saturation as the film tem-
perature is varied.
We now analyze in detail the effect of an external mag-
netic field on the temperature evolution of the magnetic
properties of the MnAs films around its phase transition. Fig-
ure 4 shows the temperature dependence of the magnetiza-
tion M measured with a magnetic field H between 50 Oe and
50 kOe applied along the easy magnetization axis. The mea-
surements were performed starting at a high temperature
s,340 Kd, where the MnAs film is completely in the b
phase, and cooling it down to ,250 K, where a pure a-phase
is achieved. Subsequently, the sample was heated up again
up to ,340 K and a new cycle was started. The curves were
corrected to eliminate the background level due to the dia-
magnetic shift of the GaAs substrate and the sample holder.
We first analyze the low field regime s,1 kOed presented
on the upper panels of Fig. 4. We remark that all curves
attain the same saturation value around 280 K, where the
film is completely in the a phase. Therefore a magnetic field
as small as 50 Oe is sufficient to saturate the magnetization
at a low temperature condition. This field is smaller than the
coercive field of 130 Oe. We also observe that the magneti-
zation slightly increases as the temperature is further reduced
below 280 K, which is accounted for by the reduced role of
thermal fluctuations. The M vs T curves also present thermal
hysteresis, which is broader for sample A as compared to
sample B, in agreement with x-ray results. However, in this
case, the hysteresis strongly depends on the external mag-
netic field in contrast to x-ray results. The thermal hysteresis
loop is notably large for the lowest magnetic field value sH
=50 Oed and it significantly narrows down for increasing
magnetic fields, virtually disappearing at H=1 kOe for
sample B. The results obtained in the high field regime
s.1 kOed slower panels of Fig. 4d show a very different
FIG. 3. Hysteresis loops of the magnetization M of sad sample A
and sbd sample B measured using a SQUID magnetometer and a
MOKE system finset in sbdg for several temperatures.
FIG. 4. Temperature depen-
dence of magnetization of sad and
scd sample A and sbd and sdd
sample B for several values of H.
The upper panels fsad and sbdg
show the low field regime sH up
to 1 kOed and the lower panels
fscd and sddg show the high field
regime sH.1 kOed. The satura-
tion magnetization measured by
SQUID sMsatd and by MOKE
sonly for sample Bd are also
shown in the lower panels. The ar-
rows indicate the direction of the
thermal cycles.
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behavior. In this case, the M vs T curves shift as a whole
towards higher temperatures without changing its shape as
the magnetic field increases. This is the typical behavior ob-
served for bulk MnAs, usually attributed to a field-induced
increase of the phase transition temperature.
In Figs. 4scd and 4sdd, we also compare the curves of M
obtained at different magnetic fields with the saturation mag-
netization obtained by SQUID and MOKE ssample B onlyd.
The values of Msat corresponding to MOKE measurements
were normalized using those obtained by SQUID at 270 K.
The profiles of Msat obtained from SQUID and MOKE are
very similar, which indicates that the MnAs film of sample B
is quite homogeneous, considering that MOKE only probes
the limited volume defined by the diameter of the laser beam
spot and the light penetration, while SQUID analyzes the
total sample volume. The Msat curves approximately follow
the M curves obtained for H=1 kOe, in accordance with the
fact that this is essentially the minimum value of magnetic
field required to saturate the magnetization over the whole
phase transition range.
IV. DISCUSSION
In order to compare the effect of an external magnetic
field on the magnetic and structural properties of our films,
we introduce characteristic temperatures TM and TS defined
as the temperatures where the magnetization M and the vol-
ume fraction Fa, respectively, become half of those mea-
sured at T=280 K. Due to the thermal hysteresis loop, we
also introduce the superscripts h and c in order to distinguish
the temperatures determined during heating and cooling
cycles, respectively. We emphasize that TM and TS are not the
Curie temperature of the film. The coexistence of two phases
over a large temperature makes it difficult to define a single
Curie temperature for the film. TM and TS indicate the tem-
perature range where the transition occurs. We remark, how-
ever, that they also depend on the shape of the thermal hys-
teresis loop, which in turn depends on other factors such as
thermal fluctuations in the case of the magnetization.
TM and TS for samples A and B are presented in Fig. 5 as
a function of the magnetic field up to 50 kOe. The plots on
the left-hand side display the whole field range and those on
the right-hand side show a magnification of the low field
region. TM shows a clear break point at H,1 kOe for both
samples. In the high magnetic field regime sH.1 kOed, both
T M
h and T M
c increase linearly with H with dT M
h,c /dH
,4310−4 K/Oe for sample A and ,3.5310−4 K/Oe
for sample B. These values are in agreement with those
reported for bulk MnAs sdT /dH ranges from 4 to 8
310−4 K/Oed,13,16,24,25 due to an effect attributed to a field-
induced phase transition. We can also estimate the enthalpy
change Q of the phase transition using the magnetic form of
the Clausius-Clapeyron equation for first-order transitions,
dT /dH=DMT /Q. We obtain Q=31 and 47 J /cm3 for
samples A and B, respectively, which are comparable to that
reported for bulk MnAs s35.3 J /cm3 in Ref. 16d.
At low fields sH,1 kOed, the characteristic temperatures
TM show a much stronger field dependence fFigs. 5sbd and
5sddg which is not followed by the structural properties rep-
resented by TS. In fact, T S
h and T S
c show a weak dependence
with the magnetic field on the full magnetic field range from
0 to 3 kOe, which is very similar to the magnetic field de-
pendence presented by T M
h and T M
c in the high field regime
s.1 kOed. The difference between the temperatures T M
h
sT M
c d and T S
h sT S
cd for H,1 kOe fFigs. 5sbd and 5sddg is
attributed to the dependence of those parameters on the ther-
mal hysteresis shape as discussed above. We also remark that
the differences in the temperature evolution of the magnetic
and structural properties are markedly stronger during cool-
ing than heating. This is a reflection of the previous obser-
vation that the width of the thermal hysteresis loop presented
by the magnetization significantly narrows down with the
application of a low magnetic field.
Figure 6 shows an alternative way to display the depen-
dence of the magnetic and structural properties on tempera-
ture and magnetic field presented in Fig. 4 for H below
1 kOe. Here, we have plotted the net magnetization of
sample B obtained at a given temperature during various
distinct cooling cycles under constant magnetic fields.
Sample A shows equivalent results not presented here. As-
suming that in the low field regime sH,1 kOed the a-phase
volume is not significantly affected by the magnetic field
through the field-induced phase transition effect swhich is a
reasonable approximation considering the structural results
presented in Fig. 2d, the curves in Fig. 6 approximately rep-
resent the fraction of the ferromagnetic domains that are
FIG. 5. Characteristic temperatures T M
c sclose circlesd and T M
h
sclose trianglesd, as defined in the text, as a function of the magnetic
field for sad sample A and scd sample B. The right-hand panels fsbd
and sddg show a magnification of the low field region of the left-
hand panels together with plots of T S
c sopen circlesd and T S
h sopen
trianglesd versus magnetic field.
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aligned along the f112¯0g easy axis at a given temperature
transition as a function of the external magnetic field applied
during the cooling cycle. This result is similar but not exactly
equivalent to performing a complete magnetization loop
starting from a fully demagnetized state at a given tempera-
ture, since in this case all the thermal history of the sample
phase transition under a given magnetic field would be lost.
As expected, given that the results presented in Fig. 6 were
obtained from cooling cycles and therefore beginning at a
fully b paramagnetic-phase condition, all curves tend to a
null net magnetization at the limit of zero magnetic field. We
observe, however, that while at 290 K a small magnetic field
s,100 Oed is sufficient to fully align the ferromagnetic do-
mains of the a-phase volume attaining saturation, the mag-
netic field required to attain saturation increases significantly
with increasing temperature.
In order to analyze our results we must consider the mi-
crostructure of the films during their first order phase transi-
tion. We first remind that during the coexistence of the a and
b phases, the films present stripelike structures elongated
along the MnAsf0001g axis and highly periodic along the
MnAsf112¯0g direction.18,19,22 This geometric configuration
becomes energetically favored by the uniaxial strain created
along the f112¯0g direction17 during the hexagonal/
orthorhombic phase transition. It has been observed that the
period of the stripe arrangement only depends on the film
thickness, varying from ,750 nm in 130 nm thick films to
,1000 nm in 180 nm films.17,18 Whereas the period remains
basically constant, the thickness of the a and b phase stripes
varies with temperature in conformity with the change of the
volume fractions of the two phases. Moreover, recent mag-
netic microscopy investigations using MFM20,21 and
XMCDPEEM22 have shown that the a-phase stripes consist
of complex microstructured ferromagnetic domains that
show a remarkable evolution of their shape and alignment
with temperature during the phase transition.
Therefore, at low temperatures such as T=290 K, close to
the low temperature limit of the phase transition range, the
thickness of the a-phase stripes must be close to the period
of the stripe structures s,750–1000 nmd. In this case, we
observed that a relatively small field sHsat,100 Oed is able
to align all ferromagnetic domains along the f112¯0g direction
si.e., perpendicular to the stripesd. At higher temperatures,
however, the a-phase stripes must become relatively thin
along the easy-axis direction as compared to the period
thickness. As a consequence, the demagnetization field along
the f112¯0g axis should increase and higher magnetic fields
must be required to align the ferromagnetic domains, as ob-
served. The geometry of the stripes and its variation with
temperature play, therefore, an important role on the net
magnetization of the film during the coexistence of phases. It
leads to a reduction of TM as compared to TS, when cooling
is performed under low magnetic fields s,1 kOed, as shown
in Figs. 5sbd and 5sdd. Magnetic fields greater than 1 kOe
completely saturate the magnetization and the shift of TM
becomes dominated by the field-induced phase transition ef-
fect. The low field regime is obviously not symmetric for
cooling and heating processes. At the beginning of a heating
cycle the film is on a fully a ferromagnetic phase and even
the smallest magnetic field used sH,50 Oed is sufficient to
fully align the magnetic domains along the f112¯0g axis at-
taining saturation. As the temperature increases, the ferro-
magnetic volume is restricted to narrow stripes and the asso-
ciated demagnetizing field must increase, but in this case the
ferromagnetic stripes are previously aligned along the f112¯0g
easy axis, resulting in a weaker magnetic field effect on heat-
ing cycles.
V. CONCLUSIONS
We have thoroughly investigated the effects of an external
magnetic field on the first order magnetostructural phase
transition of MnAs/GaAs films. We have shown that an ex-
ternal magnetic field affects the temperature evolution of the
magnetic macroscopic properties in two distinct ways. Under
a high magnetic field regime sH.1 kOed, the behavior is
dominated by the field-induced phase transition effect: the
phase transition observed by magnetic measurements slightly
shifts to higher temperatures following a magnetic field de-
pendence similar to that observed on the bulk material,
which is also in agreement with the structural results. Under
a low magnetic field regime sH,1 kOed, the characteristic
phase transition temperatures obtained by magnetic measure-
ments show a much stronger field dependence, specially
those corresponding to the cooling cycles, while the struc-
tural results do not present an equivalent effect. The effect is
attributed to the demagnetization field associated with the
ferromagnetic microdomains formed on the a-phase stripes
created during the phase transition. The demagnetization
field effectively increases the local magnetic field required to
align the microdomains and it increases as the a stripes nar-
row down along the phase transition process. This effect has
important implications for the design of spintronic devices
based on MnAS films operating at room temperatures, since
it results in a significant increase of the effective magnetic
field required to align the microferromagnetic domains de-
pending on the sample history.
FIG. 6. The magnetization M versus magnetic field of the
sample B extracted from the experimental data in Fig. 4sbd for the
cooling cycle. For each temperature, we plotted the evolution of the
net magnetization of the film with magnetic field.
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